1. Introduction {#sec1}
===============

Bacterial biofilm formation is a serious threat for the global economy and public health. Biofilm can be observed on various surfaces starting from plaque on teeth through food packaging materials to medical devices, water purification filters, oil pipelines and ship hulls \[[@bib1]\]. Particularly, indwelling urinary catheters are widely used in the medical sector to assist people who can not urinate on their own. Statistics reveals that around 15%--25% of hospitalized patients receive urinary catheters during their hospital stay \[[@bib2]\]. Urinary catheters are usually based on flexible hydrophobic polymeric materials such as silicon rubber or polyurethane, however such materials are considered as breeding surface for uropathogens to adhere to the catheter surface followed by colonization and biofilm formation \[[@bib3], [@bib4]\]. This in turn causes catheter--associated urinary tract infections (CAUTIs), which represent around 40 % of nosocomial infections worldwide \[[@bib5]\]. The threat of the biofilm lay on its ability to produced extracellular polymeric substances (EPS) consisting of polysaccharides, nucleic acids and proteins, which provides protection for the bacteria from antibiotics and human immune system \[[@bib6]\]. Therefore, bacteria in biofilms possess high resistance towards conventional antibiotic up to 1000 fold compared to planktonic bacteria \[[@bib7]\]. *Escherichia coli*, *Proteus mirabilis* and Klebsiella pneumoniaeare are the frequently Gram--negative bacteria associated with CAUTIs, while the Gram--positive bacteria include *Staphylococcus aureus* and *Staphylococcus epidermidis* \[[@bib8]\].

In this context, strenuous efforts have been directed to minimize the accumulation of bacteria on the surface of urinary catheters. Generally, surface modification of catheters is often fall under one of three concepts: biopassive surfaces, bioactive surfaces or a combination of both \[[@bib9]\]. Particularly, biopassive coating is achieved by coating the surface with hydrophilic well--hydrated polymers including poly(ethylene glycol) (PEG) or poly(2--methyl--2--oxazoline that have the potential to prevent the adhesion of bacteria without killing them \[[@bib10], [@bib11]\]. In contrast, the bioactive coatings can be attained through two approaches. The first is to decorate the surface with quaternary ammonium polymers that interfere with the bacteria cell wall leading to cell lysis and death \[[@bib12], [@bib13], [@bib14]\]. However, the second approach relies on loading the surface with biocidal agents such as antibiotic, antiseptic, enzymes or metallic nanoparticles that under go slow release to the near surroundings causing bacterial death \[[@bib15], [@bib16], [@bib17], [@bib18]\].

Among the metal nanoparticles, silver nanoparticles (AgNPs) have been widely reported as a potential antimicrobial agent against a broad spectrum of bacterial and fungal species including the drug resistant strains \[[@bib19]\]. Indeed, many reports demonstrated AgNPs as potential antimicrobial coating for diverse surfaces including catheters, titanium implant, textile, water membrane \[[@bib20], [@bib21], [@bib22], [@bib23]\]. Such surfaces have been decorated with AgNPs using different methods such as chemical deposition, photo--chemical deposition, physical vapor deposition and sputtering deposition techniques \[[@bib21]\]. However, in situ formation of AgNPs is a simple and versatile strategy that is wildly used to overcome the complicated multi--steps procedures that limited many applications \[[@bib24], [@bib25], [@bib26]\].

Recently, several studies have explored the potential of the mussel bio--inspired dopamine to undergo self--polymerization under mild conditions forming polydopamine (PDA) \[[@bib27]\]. Indeed, polydopamine possesses highly adhesion capacity on not only inorganic surfaces such as silica and magnetic nanoparticles but also on organic surfaces such as polymeric matrices and fabrics \[[@bib28], [@bib29], [@bib30], [@bib31], [@bib32]\]. The adhesion force of PDA is derived from its catechol groups that form hydrogen bonding with the coated surfaces. In addition, PDA has a reductive capacity which allows the in situ metal deposition upon exposure to noble metal salt solutions \[[@bib27]\]. In this context, PDA was reported as a facile coating for urinary catheters that acts as an active platform to attach different antimicrobial agents such as multi-layers AgNPs coated with antifouling outer layer, peptides and quaternary ammonium polymers \[[@bib24], [@bib33], [@bib34]\].

Consequently, this work aims to modify the commercially available silicon urinary catheter with AgNPs as antimicrobial coating to prevent the CAUTIs. This was simply achieved using a facile approach by coating the urinary catheter with a polydopamine layer followed by deposition of AgNPs on the catheter via the in situ reduction. The coated catheters were full characterized with ATR--FTIR, scanning electron microscope. Further more intensive biological investigations have been carried out to evaluate the antimicrobial and the antifouling capacity of the PDA/AgNPs coated catheters.

2. Experimental {#sec2}
===============

2.1. Materials {#sec2.1}
--------------

Dopamine hydrochloride and silver nitrate were purchased from Acros. Tris hydrochloride was obtained from molekula. Commercial foley balloon catheter (100% silicone) based on polydimethylsiloxane was purchased from Kosan Angel. Luria--Bertani (LB) medium was supplied from sigma. Other chemicals were of analytical grade.

2.2. Methods {#sec2.2}
------------

### 2.2.1. Coating catheter with polydopamine/AgNPs {#sec2.2.1}

Catheter was cut into small pieces of two cm length and sonicated in ethanol and water for 10 min respectively then dried with a stream of nitrogen gas. Catheter pieces were incubated in a dopamine solution (2 mg ml^−1^, 10 mm Tris, pH 8.6) under shaking at room temperature. After 24 h, catheter pieces were rinsed with distilled water for three times and dried with a stream of nitrogen gas. The polydopamine coated catheters were further treated with silver nitrate solutions with two different concentrations (5 and 10 mg ml^−1^) for 24 h at room temperature. Finally, treated catheters were rinsed with distilled water and dried with nitrogen gas.

### 2.2.2. Surface characterization {#sec2.2.2}

ATR--FTIR spectroscopy analysis (JASCO instrument) was used to characterize the chemical composition of the pristine and coated catheters. Samples were scanned at resolution of 4 cm^−1^ over a wavenumber range of 400--4000 cm^−1^. The morphology of the pristine and coated catheters was investigated by scanning electron microscope (SEM, JEOL JSM--5500LV SEM, Japan). All samples were sputter--coated with thin gold layers before investigation. Energy--dispersive X--ray spectroscopy (EDX) measurements were conducted to detect Ag atom on the surface of the modified catheter.

### 2.2.3. Silver release determination {#sec2.2.3}

The DOPA/AgNPs coated catheters were incubated in 5 ml of phosphate buffered solution (pH 7.5) at 37 °C. The buffer solution was collected and replaced with fresh buffer solution at different times. The amounts of released silver were quantitatively determined by inductively coupled plasma mass spectrometry (ICP--MS, Agilent 7700X, Australia).

### 2.2.4. Antibacterial investigations {#sec2.2.4}

Gram--positive *Staphylococcus aureus* (*S. aureus*) and Gram--negative *Escherichia coli* (*E. coli*) were selected for antibacterial experiments. Pieces of the pristine commercial catheters, dopamine coated catheters and PDA/AgNPs coated catheters were placed in 24--well plates and sterilized with UV radiation (wavelength of 254 nm) for 10 min. Supposedly, the bactericidal effect of the AgNPs in situ formed on the PDA coated catheters will be due to either direct contact with bacteria or due to the release of silver ions around the bacterial species. Therefore, multiple antibacterial activity tests were performed to investigate both effects. Particularly, agar diffusion method was performed by firstly inoculating both bacterial species on solid agar plates then the catheter specimens were placed on thin layer of bacteria. The plates were incubated at 37 °C for 24 h and the growth of inhibition zones around each sample was calculated and the zones were digitally photographed.

The bactericidal potential of the PDA/AgNPs coated catheter on the viability of the bacteria suspension was quantitatively investigated using colony forming unit test. Particularly, overnight bacterial culture of both species were diluted to 1:100 in fresh sterilized Luria--Bertani (LB) medium and placed in a shaker incubator for 3--6 h until the O.D. of the bacteria at 600 nm reached about 0.8. Catheter samples were covered with 1 ml of the previous bacterial suspension and incubated overnight at 37 °C. The catheters were gently removed from the suspension with a forceps. The optical density at 600 nm of the supernatant was recorded using a spectrophotometer to show the effect of silver ions release on the viability of the bacteria suspended in the medium. The colony forming unit (CFU per mL) was calculated based on predetermined standard curves of bacteria density versus optical density at 600 nm.

To evaluate the antifouling potential of the PDA/AgNPs coated catheter, the incubated catheter was gently removed from the bacteria suspension and washed by dipping in fresh sterilized LB medium three times. To detach the adhered bacteria, the catheters were placed in 1 ml of LB medium and ultrasonically treated for 5 min. Thereafter, 0.5 ml of the LB medium was inoculated on agar plates and the viable bacterial colonies was documented by digital camera.

Finally, the effect of AgNPs on the morphology of bacteria seeded on the catheters was inspected by scanning electron microscope (SEM, JEOL JSM--5500LV SEM, Japan). Both gram positive and gram negative bacteria were separately seeded on the pristine and coated catheters and left overnight at 37 °C. The samples were rinsed with distilled water and fixed with 2.5 % glutaraldehyde overnight at 4 °C, then the fixed bacteria was dehydrated in graded ethanol series (30, 50, 75, 90, 95 and 100 v/v%). Subsequently, the samples were sputter--coated with thin gold layers for observation by SEM. Energy--dispersive X--ray spectroscopy (EDX) measurements were conducted to show Ag atom on the surface of the catheter.

3. Results and discussion {#sec3}
=========================

The silicon urinary catheter was initially coated with a layer of the bio--inspired polydopamine (PDA) by simple dip coating in dopamine solution in alkaline pH for 24 h. It was obviously observed that the color of catheter was turned from transparent to brown indicating the formation of polydopamine layer on the catheter ([Figure 1](#fig1){ref-type="fig"}A). This was further confirmed by ATR--FTIR spectroscopy as depicted in [Figure 1](#fig1){ref-type="fig"}B. The pristine catheter showed the characteristic bands of polydimethylsiloxane (PDMS) at 1040 cm^−1^ and 780 cm^−1^ corresponding to the O--Si--O and Si--CH~3~, respectively \[[@bib35]\]. However, the polydopamine coated catheter displayed new broad absorption band at 3300 cm^−1^ that correspond to the stretching vibrations of --OH and N--H groups of the PDA. Moreover, peak at 1630 cm^−1^ is assignable to the carbonyl groups and pand peak at 1520 cm^−1^ is assignable to C=N and C=C of PDA \[[@bib36]\].Figure 1A) Photographic image of catheter at the different modification steps, B) ATR--FTIR analysis of pristine catheter (PDMS) and PDA coated catheter.Figure 1

The next step was to use the formed PDA layer as an active platform to deposit AgNPs on the PDA coated catheter using the innate reductive capacity of PDA, which allows the in situ silver metal deposition upon exposure to silver nitrate solutions \[[@bib27]\]. This phenomenon is attributable to the redox reactions between residual catechol groups of PDA layer and Ag^+^ ions, forming Ag^0^ at the solid liquid interface ([Figure 1](#fig1){ref-type="fig"}A). To achieve this, the dopamine coated catheters were inculpated into solution of silver nitrate at different concentrations (5 and 10 mg ml^−1^) for 24 h. As depicted in [Figure 2](#fig2){ref-type="fig"}, Scanning Electron Microscope was used to investigate the surface morphology of the pristine catheter, PDA coated catheter and PDA/AgNPs coated catheters. The pristine catheter showed a smooth surface ([Figure 2](#fig2){ref-type="fig"}A). After incubation with dopamine, a layer of the self--polymerized polydopamine was observed ([Figure 2](#fig2){ref-type="fig"}B) which appeared in the higher magnification as individual or aggregated PDA particles. The catheters morphology was obviously altered after dipping into different concentrations of AgNO~3~ solutions. [Figure 2](#fig2){ref-type="fig"}C and D showed the formation of AgNPs on the PDA coated catheters treated with 5 and 10 mg ml^−1^ of AgNO~3,~ respectively. It was obvious that the density of AgNPs was increased by increasing the concentration of AgNO~3~. The AgNPs displayed an average size of about 30--50 nm ([Figure 2](#fig2){ref-type="fig"}E), however sup-micron agglomerations on top of the nano--sized AgNPs in the base layer were observed as well. Additionally, the Energy--dispersive X--ray spectroscopy (EDX) of the PDA and PDA/AgNPs coated catheters further confirmed that the formed nanoparticles are related to silver nanoparticles.Figure 2SEM images show the morphology of pristine catheter (A), PDA coated catheter (B), PDA/AgNPs coated catheters at 5 and 10 mg ml^−1^ of AgNO~3~ (C and D). Mean particle diameter of AgNPs (E). The inset images represent the same sample at higher magnification and EDX analysis represents PDA and PDA/AgNPs coated catheters.Figure 2

Since the antibacterial activity of AgNPs coated catheter is dependent on the release of silver ions, time--dependent Ag^+^ release from the PDA/AgNPs coated catheter was investigated at 37 °C using ICP analysis. [Figure 3](#fig3){ref-type="fig"} illustrated that silver was released in a sustained manner with constant rate during the first seven days \[[@bib37], [@bib38]\]. The release rate was dependent on the density of AgNPs where a higher amount of Ag^+^ was release from catheter treated with 10 mg ml^−1^ of AgNO~3~ (PDA/Ag 10) compared with that traded with 5 mg ml^−1^ of AgNO~3~ (PDA/Ag 5). Generally, the amount of Ag+ released from the treated catheter was about 2--4 μg ml^−1^. Such silver concentration is higher than the minimal biocidal concentration (1.5 μg ml^−1^) and less than 10 μg ml^−1^ that is considered as a toxic concentration to human cells \[[@bib24], [@bib39]\].Figure 3Time--dependent Ag+ release from the PDA/AgNPs coated catheter prepared at different concentrations of AgNO~3,~ 5 mg ml^−1^ (PDA/Ag 5) and 10 mg ml^−1^ (PDA/Ag 5)~.~ Investigations carried out at 37 °C in phosphate buffer pH 7.5.Figure 3

The Kirby--Bauer disc diffusion test was used to evaluate the bactericidal efficiency of AgNPs deposited on PDA coated catheter. [Figure 4](#fig4){ref-type="fig"} shows the inhibition zones of PDA/AgNPs coated catheters as compared to the pristine and PDA coated catheters against *S. aureus* and *E. Coli.* The surface of pristine and PDA coated catheters did not exhibit inhibition zone indicating the lack of bactericidal activity of the commercial and PDA coated catheters. However, catheters coated with AgNPs at different silver nitrate concentrations displayed remarkable bactericidal activities against both gram positive and gram negative bacteria. Particularly, gram negative strain (*E. Coli)* showed clear inhibition zones with diameter of 19 and 18.5 mm for PDA/Ag 5 and PDA/Ag 10, respectively. While, PDA/Ag 5 and PDA/Ag 10 recorded inhibition zones against gram positive strain (*S. aureus*) with diameters of 23 and 26 mm, respectively.Figure 4Inhibition zone assay of pristine silicone catheter (PDMS), catheter coated with polydopamine layer (PDMS/PDA) and catheter coated with polydopamine and then incubated with different concentrations of AgNO~3~; 5 mg ml^−1^ (PDA/Ag 5) and 10 mg ml^−1^ (PDA/Ag 10) for 24 h.Figure 4

The lethal effect of AgNPs to wide spectrum of pathogenic bacterial strains is derived from two possibilities. The first is the direct contact of AgNPs with the cell membrane of attached bacterial leading to pits formation which in turn lead to permeability loss and cell death \[[@bib40]\]. The other possibility is the release of silver ions from AgNPs which interact with the thiol groups in protein leading to protein deactivation and death of both attached and swimming bacteria \[[@bib25]\]. To evaluate the influence of the released silver ions from the coated catheter on the swimming bacteria, the O.D. of LB medium (supernatant) was measured after 24 h of incubation with pristine and modified catheters and then converted to CFU by using standard curves (CFU vs O.D.) for both bacterial strains. [Figure 5](#fig5){ref-type="fig"} clearly displayed that the number of live bacteria in the growth medium was drastically reduced after incubation with PDA/AgNPs catheters as compared to PDMS and PDMS/PDA catheters. Indeed, PDA/AgNPs coated catheter possesses similar bactericidal potential against the non--adherent (swimming) bacteria of both *S. aureus* and *E. Coli.*Figure 5Colonies forming unit (CFU) of *S. aureus* and *E. Coli* after incubation for 24 h with pristine catheter (PDMS), PDA coated catheter (PDMS/PDA) and PDA/AgNPs coated catheters at 5 (PDA/Ag 5) and 10 mg ml^−1^ (PDA/Ag 10) silver nitrate, respectively. (\*\*\*p \< 0.001).Figure 5

To evaluate the antifouling potential of the PDA/AgNPs coated catheter, spread plate method was conducted to count the viable bacteria colonies that remained adhered on the surface of pristine and modified catheters. As shown in [Figure 6](#fig6){ref-type="fig"}, pristine and PDA coated catheters showed high number of viable colonies of both strains indicating the high accumulation and adherence of bacteria on catheter surfaces. However, the numbers of viable colonies accumulated on the surface of silver coated catheter were far less compared to the pristine and PDA coated catheters. It was obvious from spread plate test ([Figure 6](#fig6){ref-type="fig"}) that the antifouling potential of silver coated catheter was greater against gram positive than against gram negative bacteria. This is attributed to the fact that the cell walls of gram positive bacteria bind larger quantities of metals than gram negative bacteria which in turn leads to higher bactericidal potential and less living bacteria attached on surface \[[@bib40]\].Figure 6Digital images of two bacteria strains which were detached from the surface of PDMS (A), PDMS/PDA (B), PDA/Ag 5 (C) and PDA/Ag 10 (D) and re-inoculated on agar plates showing only the viable bacterial colonies that remained adhered on the surface after 24 h of incubation.Figure 6

Morphological studies of both bacterial strains on unmodified and modified catheter surfaces was monitored by SEM and complementary EDX spectra was acquired for elemental surface analysis as shown in Figures [7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}. On the surface of pristine catheter, it is clearly shown in [Figure 7](#fig7){ref-type="fig"}A that the grape--shaped *S. aureus* are embedded in an extracellular matrix (biofilm) and the morphology of the cells is intact, suggesting that the surface of the commercial catheter is prone to bacteria proliferation and subsequent infection. On PDMS/PDA surface, the bacteria formed groups of small colonies, however there was no sign of biofilm formation ([Figure 7](#fig7){ref-type="fig"}B). On contrary, [Figure 7](#fig7){ref-type="fig"}C and D showed that number of bacteria was significantly reduced on the surface of silver coated catheters, suggesting that AgNPs based coatings could inhibit bacteria adhesion and biofilm formation. In case of using high concentration of AgNO~3~ (PDA/Ag 10), there was a higher propensity for the formation of micron--sized agglomeration on top of the nano--sized AgNPs in the base layer. In [Figure 7](#fig7){ref-type="fig"}D, it can be seen that *S. aureus* are dispersed within these large clusters of AgNPs which proves that bacteria can be directly attached to surface of AgNPs but they suffer deformation in their morphology due to this direct contact. The EDX spectra in [Figure 7](#fig7){ref-type="fig"}E and F revealed the lack of silver peak in case of PDMS/PDA surface and the presence of silver peak on base layer away from the agglomerates proving that the surface coated with silver consists of base layer with nano--sized AgNPs and silver clusters with sub-micron size.Figure 7Low magnification SEM images (5000 x) of spherical--shaped *S. aureus* grown onto different surfaces for 24 h. (A) PDMS, (B) PDMS/PDA, (C) PDA/Ag 5 and (D) PDA/Ag 10. EDX spectra of the base layers on the surface of samples PDMS/PDA (E) and PDMS/PDA 10 (F); the scanned spot represented by white plus mark (+) on both images B and D.Figure 7Figure 8Low magnification SEM images (5000 x) of rod--shaped *E. coli* grown onto different surfaces for 24 h. (A) PDMS, (B) PDMS/PDA, (C) PDA/Ag 5 and (D) PDA/Ag 10.Figure 8

Additionally, the morphology of rod--shaped *E. Coli* seeded on all different surfaces was inspected by SEM as shown in [Figure 8](#fig8){ref-type="fig"}. High density of smooth *E. Coli* with sound cell membrane and embedded in biofilm matrix were observed on the commercial catheter (PDMS) and PDMS/PDA catheter. However, silver coated catheters displayed a significant decrease in number of *E. coli* with irregular morphology and rougher surface.

The lethal effect of AgNPs on shape deformation of both *S. aureus* and *E. Coli* was explained from the high magnification SEM micrographs in [Figure 9](#fig9){ref-type="fig"}. It is well reported that the dissolution of AgNPs due to oxidation process results in release of Ag+ ions in the surrounding environment of the bacteria \[[@bib24]\]. These ions interact and accumulate on the cell membrane of the bacteria leading to rupture of cell membrane and subsequently leakage of the cytosolic components \[[@bib25]\]. In [Figure 9](#fig9){ref-type="fig"}A and B, it is clearly shown that the morphology of rounded *S. aureus* is severely deformed (indicated by white arrows) due to the formation of longitudinal clefts and pits which lead to leakage of cytoplasm and eventually shrinkage of bacteria. Bacterial cell lysis was also observed due to direct contact with AgNPs as shown in [Figure 9](#fig9){ref-type="fig"}C. To prove the involvement of Ag species in the deformation of bacteria cell morphology, EDX spectra (spot scan indicated by + sign) were recorded on the surface of both *S. aureus* and *E. Coli* as shown in [Figure 9](#fig9){ref-type="fig"}E and F, respectively. It can be seen that silver peaks were detected on the bacteria surface which indicate the interaction between bacteria surface and silver which can cause membrane lysis and fragmentation of bacterial cells.Figure 9High magnification SEM images of *S. aureus* (A and B) and *E. coli* (C and D) grown onto sample PDA/Ag 10 for 24 h. EDX spectra and weight percentage of the elements on figures E and F represent the sign (+ and \$) on images B and D, respectively.Figure 9

Overall, the low number of bacteria along with deformed morphological appearance indicated that coating catheter with bio--inspired polydopamine layer and the utilization of its self--reducing capacity to form AgNPs is a facile strategy to establish antifouling and bactericidal coating on silicone based urinary catheter.

4. Conclusion {#sec4}
=============

Commercial urinary catheter based on silicon rubber was coated with silver nanoparticles using facile approach to impart antifouling and antibacterial properties on the coated catheters. Particularly, catheter was simply dip coated with a layer of bio-inspired polydopamine which acts as active platform for the in situ formation of AgNPs. ATR-FTIR and SEM analysis confirmed the successful coating with PDA and the formed AgNPs have average size of 30--50 nm however, sub-micron clusters were observed as well. The amount of silver ions released from the catheter was about 2--4 μg ml^−1^ which is less than 10 μg ml^−1^ that is considered as a toxic concentration to human cell. Agar diffusion test, CFU and intensive SEM investigations proved that AgNPs coated catheter possess remarkable bactericidal activity against both gram positive and gram negative bacteria. However, gram positive bacteria were more susceptible to AgNPs than gram negative bacteria. Furthermore, the coated catheter displayed outstanding potential to prevent the fouling of both bacteria strains as compared to the commercial catheter. Accordingly, coating catheter with bio--inspired polydopamine layer and the utilization of its self--reducing capacity to form AgNPs is a promising and fast strategy to establish antifouling and bactericidal coating on silicone based medical devices.
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